In this study, two flushing modes including surfactant solution flushing and surfactant-stabilized foam flushing were conducted for in-situ soil remediation to remove DDT contaminants. The results showed that surfactant-stabilized foam flushing could significantly enhance the overall sweep efficiency, and then improved the DDT contaminants removal efficiency in heterogeneous soil. Compared with solution flushing, foam flushing was more suitable for remediate heterogeneous soil due to its intrinsic permeability characteristics. The obtained results would provide useful information and technical support for DDT soil remediation.
Introduction
DDT is a chlorinated pesticide which was once used widely for control of agricultural pests and disease vectors [1] [2] . Although its usage has been banned or severely restricted for the past few decades, DDT and its metabolites are still detected in water, sediment and animals due to its persistence [3] [4] [5] [6] . Since DDT tends to remain adsorbed to soil particles in an immobile manner, and its resistance to biodegradation results in persistence in the soil environment for long periods of time, which has posed a great threat to human health [7] . Therefore, it is necessary to identify and use techniques to remediate DDT-contaminated soil to a satisfactory level in China.
Among various remediation technologies, surfactant-stabilized foam flushing is an innovative technology for in-situ soil remediation and has been developed as one of promising technologies owing to its high macroscopic sweep efficiency and contaminant removal efficiency [8] [9] [10] [11] [12] . The inherent resistance characteristic of foam flushing provides greater flow resistance in high-permeability region than in low-permeability region, which was conducive to complete contact between the injected surfactant and the contaminants in heterogeneous soil, and finally improves contaminants removal efficiency [13] . Due to the above advantages, foam flushing technology has been widely used to remove pollutants from contaminated soils, such as polynuclear aromatic hydrocarbons (PAHs), polychlorinated biphenyls (PCBs), pentachlorophenol (PCP), and heavy metal.
The objective of this study is to use surfactant-stabilized foam flushing technology to remediate DDT contaminated soil. In order to demonstrate its enhanced removal effect, the traditional surfactant solution flushing experiments will also be carried out comparatively under the same condition. The sweep efficiency and contaminants removal efficiency are compared. The obtained results will provide useful information and technical support for DDT soil remediation.
Materials and methods

Materials
The soil used in the column experiments were collected from the surface soil in Beijing City, China, and the particle size distribution data were analyzed by laser method (as shown in Fig.  1 ). The porosity of soil was 41.8%. The preliminary experiments indicated that the soil sample can be used for foam-flushing technique. P,P'-DDT as the representative DDT was selected in this study. The foaming agent was chosen sodium dodecyl sulfate (SDS) due to its good foaminess and widely used. The critical micelle concentration (CMC) of SDS was determined as 915.13 mg/L. The preliminary experiments showed surfactant concentration of 0.5% by weight had good foamability and was chosen in this study.
DDT contaminated soil preparation Soil (800 g) was transferred into a polyvinylidene fluoride tray in a fume hood. Using an air-operated atomizer, the DDT solution in hexane (20 mg of DDT in 30 mL hexane) was sprayed slowly on to the soil completely. During spraying, the soil was mixed thoroughly with a glass spoon. Following the addition of DDT solution to the soil, the DDT-spiked soil (nominally 25 mg/kg) was then allowed to dry in the fume hood for 24 h to evaporate the entire solvent and ensure that the DDT adhered to the soil. Surfactant-stabilized foam flushing for DDT contaminated soil remediation The sketch of experimental apparatus for investigating foam flow resistance is shown in Fig. 2 . Foam was generated when the surfactant solutions and nitrogen passed simultaneously through self-made Foam Generator Apparatus (FGA). The gas and surfactant flow rates were manipulated by flow meter so that a predetermined foam quality could be obtained. The soil column was 15 cm long with 5 cm in inner diameter. The packed soil column had a total pore volume (PV) of 123.0 cm 3 . The two-dimensional box for sweep efficiency experiment was shown in Fig.3 . The system was packed with experimental soil. When fully packed, a leak test was conducted for each system to confirm the seal before further testing steps. Each experimental test was carried out for three times, and the average value was utilized for the final analysis.
Results and discussion
The enhanced sweep efficiency of foam flushing Fig. 4 displays the sweep efficiency by surfactant solution flushing and foam flushing. At the initial 0.5 PV, the migration speed of wetting front on the sides of two-dimension box was higher than the middle for both two flushing modes, especially for solution flushing. This was caused by boundary effect. Since foam had plugging effect for large pores due to its intrinsic permeability characteristics, which could reduce boundary effect to some degree. As the flushing process continuing to 1.0 PV, a significant different phenomenon was appeared for two flushing modes. In detail, the wetting front have already transited the low-permeability region with roundabout flow for solution flushing. The reason was that solution flushing was mainly controlled by gravity, and would flow into high-permeability region preferentially. While foam flushing was controlled by injection pressure, and would transport in heterogeneous media as piston flow, which could guarantee the wetting front migration in a continuous way. When flushing to 1.5 PV, the wetting front has already passed the low-permeability region completely for foam flushing, although the migration speed in low-permeability region was lower than that in high-permeability region. While for solution flushing, the low-permeability region was gradually infiltrated by capillary force. As flushing to 2.0 PV, the whole box has been permeated for the two flushing modes. Although the low-permeability region was also infiltrated by capillary force for solution flushing, its migration speed was extremely low, and it was difficult to remove the DDT contaminants. While the wetting front for foam flushing transported in a continuous way, which avoided roundabout flow, significantly enhancing the sweep efficiency in low-permeability region, and finally improving the DDT removal efficiency. This had important implications for the actual soil remediation engineering. Since contaminants usually accumulated in low-permeability region due to its smaller particle size, high specific area and water content. Foam flushing can enhance the overall sweep efficiency in restoration area, and thus can achieve a relative ideal contaminant removal efficiency compared with solution flushing. Fig. 5 shows the effluent DDT concentration and cumulative removal efficiency by surfactant solution flushing and foam flushing. It indicated that DDT removal efficiency was significantly improved due to foam existing. For example, the total removal efficiency of DDT was 19.55%, 30.13% when the flushing process was conducted at 19.92, 19.98 PV for solution flushing, foam flushing, respectively. Compared with surfactant solution flushing, the total removal efficiency was increased by 10.58% with foam flushing, it also saves 0.06 PV surfactant usage.
The enhanced removal efficiency of foam flushing
Whether for solution flushing or foam flushing, the maximum effluent DDT concentration was achieved before the flushing process was conducted at 10 PV. The effluent DDT concentration was increasing with the flushing PV increasing before the maximum effluent DDT concentration reached, and then it was decreasing with flushing PV increasing for both solution flushing and foam flushing. The experiment results confirmed that the maximum effluent DDT concentration was influenced by various factors, such as surfactant type and concentration, contaminant concentration and soil characteristics and so on. It also indicated that the effluent DDT concentration with foam flushing was higher than that with solution flushing at initial flushing stage, and attained the maximum with less PV flushing. For example, the maximum effluent DDT concentration was achieved at 9.83 PV for solution flushing, 6.77 for foam flushing. While after the maximum effluent DDT concentration achieved, it was falling fast, even lower than that with solution flushing. The reason was due to fact that the preferential flow would formed by solution flushing at initial flushing stage, which need more PV flushing before entering into other flow pathway. While for foam flushing, the maximum effluent DDT concentration would appear when the maximum sweep efficiency was achieved. Since the solubility of DDT by surfactant foam was lower than that by solution, which was also the reason that the effluent DDT concentration was lower than that with solution flushing at final flushing stage.
Summary
Surfactant-stabilized foam existing provided greater plugging in high-permeability region than in low-permeability region, which diverted foam flow from high-permeability region to low-permeability region. This was conducive to the complete contact between the injected surfactant and the contaminants in heterogeneous soil, and finally improves contaminants removal efficiency. The experiment results showed that the total DDT removal efficiencies were 19.55%, 30.13% for solution flushing, foam flushing at approximately flushing 20 PV, respectively. Compared with solution flushing, foam flushing was more suitable for remediate heterogeneous soil due to its intrinsic permeability characteristics. The obtained results would provide useful information and technical support for DDT soil remediation.
